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2. ABBREVIATIONS  
2YT yeast extract Tryptone 
AMP ampicillin 
approx. approximately 
APS ammonium persulfate 
bp base pair 
BSA bovine serum albumin 
ºC Celsius grade 
C Carbon 
CAM Chloramphenicol 
DHA dihydroxyacetone 
DHAP dihydroxyacetone phosphate 
DNA deoxyribonucleic acid 
EtBr Ethidium bromide 
EtOH ethanol 
F6P Fructose-6-phosphate 
FSA Fructose-6-phosphate aldolase 
g gram 
G3P Glycerol 3-phosphate 
G3PD Glycerol-3-phosphate dehydrogenase  
GAP Glyceraldehyde-3-phosphate 
GA glycoaldehyde 
GLDA glycerol dehydrogenase 
Glu6P Glucose-6-phosphate 
h hours 
H2O water 
HCl hydrochloride acid 
HPLC High-performance liquid chromatography 
IPTG isopropyl β-D-1-thiogalactopyranoside 
KAN kanamicin 
kDa kilodalton 
k kilo (1 x 103) 
L liter 
LB Luria-Bertani broth 
M Molar [mol/L] 
min minute 
MOPS 3-(N-morpholino)propanesulfonic acid 
NAD+/NADH nicotinamide adenine dinucleotide oxidized/reduced 
NADP+/NADPH nicotinamide adenine dinucleotide phosphate oxidized/reduced 
OD optical density 
PAGE polyacrylamide gel electrophoresis 
pH negative 10-base log of the positive hydrogen ion concentration 
rpm revolutions per minute 
s second 
SDS sodium dodecyl sulphate 
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Tal transaldolase 
TEMED N,N,N',N'-tetramethylethylenediamine 
TFBI transformation buffer I 
TFBII transformation buffer II 
TPI triose-phosphate isomerase 
Tris tris(hydroxymethyl)aminomethane 
U units (μmol/min) 
UV ultraviolet 
V Volts 
wt. wild type 
Μ micro (1 x 106) 
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3.  SUMMARY 
 
Many synthesis pathways were designed to study the activity of Fructose-6-phosphate 
and Glycerol dehydrogenase. In this work the synthesis of glycerine through these 
enzymes were studied. 
 
Fructose-6-phosphate aldolase cleavages fructose-6-phophate to glyceraldehyde-3-
phosphate and dihydroxyacetone. To produce glycerin from dihydroxyacetone, 
glycerol dehydrogenase was used. 
 
In this work, a mutant of Fructose-6-phosphate aldolase is used, called Fructose-6-
phosphate aldolase A129S, which it efficiency is higher. 
 
The process was started from the very beginning with cell transformation through heat 
shock of Escherichia coli strain adding the plasmid with the gene which codifies the 
proteins which are needed to carry out the synthesis. It was confirmed the inoculation 
of the right plasmids through agarose gel of the plasmids and a restriction, obtaining 
the right plasmid lengths in both controls.  
 
Then the production of those proteins, checking first through SDS-polyacrylamide gel 
electrophoresis if they were the right proteins knowing their weight (Fructose-6-
phosphate aldolase and Glycerol dehydrogenase weight respectively 22,9 
approximately and 39 kDa), and the respective assays with different buffers which 
were used in the synthesis, obtaining a higher activity as it was expected, were carried 
out.  
Afterwards, assays for both enzymes to see if they could work together, trying to have 
the best conditions for both of them were realized with a positive result.  
 
Denature the proteins was chosen as a method to stop the reaction and measure 
through HPLC, controls were carried out with different concentrations of 
hydrochloride acid with positive results. 
 
Finally the synthesis to produce glycerin with the chosen conditions was run. The final 
result was that only dihydroxyacetone was obtained. Glicerin was expected to be 
obtained but because of a NADH inhibition with glycerol dehydrogenase, this was not 
produced. 
 
On the other hand, a string of histidine was inoculated in Fructose-6-phosphate 
aldolase A129S enzyme, so that can perform a purification by affinity chromatography. 
The objective was to compare this technique for purifying with one through thermal 
precipitation, where the results were favorable to chromatography. 
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SUMARI 
 
Moltes vies de síntesi van ser dissenyades per estudiar l'activitat de la Fructosa-6-
fosfat i la Glicerol dehidrogenasa. En aquest treball es va estudiar la síntesi de glicerina 
a través d'aquests enzims. 
  
La fructosa-6-fosfat aldolasa divideix la fructosa-6-fosfat a gliceraldehid-3-fosfat i 
dihidroxiacetona. Per produir glicerina de la dihidroxiacetona, es va utilitzar glicerol 
deshidrogenasa. 
  
En aquest treball, s'utilitza un mutant de  la fructosa-6-fosfat aldolasa, anomenat 
fructosa-6-fosfat aldolasa A129S, amb una eficiència més gran. 
  
El procés es va iniciar des del principi amb la transformació cel·lular per xoc de calor 
d’un soca d’Escherichia coli introduïnt el plasmidi amb el gen que codifica les proteïnes 
que són necessàries per dur a terme la síntesi. Es va confirmar la inoculació dels 
plasmidis correctes mitjançant un gel d'agarosa dels plasmidis i una restricció 
d’aquests, obtenint les longituds adequades en tots dos controls. 
  
A continuació, es va comprobar, sabent el seu pes (fructosa-6-fosfat aldolasa i glicerol 
deshidrogenasa pesen respectivament 22,9 i 39 kDa aproximadament), si les proteines 
obtingudes eren les adecuades a través d’una electroforesi en gel de poliacrilamida-
SDS, i després, es van dur a terme els respectius assajos amb diferents tampons que 
van ser utilitzats en la síntesi, obtenint una major activitat a la esperada. 
 Posteriorment, els assajos d’ambdós enzims, per veure si podien treballar junts 
tractant de tenir les millors condicions per als dos, es van realitzar amb un resultat 
positiu. 
  
Desnaturalitzar les proteïnes va ser triat com a mètode per aturar la reacció i mesurar 
a través de la HPLC. Els controls es van dur a terme amb diferents concentracions 
d'àcid clorhídric amb resultats positius. 
  
Finalment es va executar la síntesi per produir glicerina amb les condicions triades.  El 
resultat final va ser que només es va obtenir la dihidroxiacetona. S'esperava obtenir 
glicerina, però a causa d'una inhibició de NADH a la glicerol deshidrogenasa no es va 
produir. 
  
D'altra banda, una sèrie d'histidina es va inocular en l’enzim fructosa-6-fosfat aldolasa 
A129S, de manera que es podía realitzar una purificació per cromatografia d'afinitat. 
L'objectiu va ser comparar aquesta tècnica per purificar amb una altre a través de la 
precipitació térmica. Els resultats van ser favorables a la cromatografía. 
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SUMARIO 
 
Muchas vías de síntesis fueron diseñadas para estudiar la actividad de la Fructosa-6-
fosfato y la Glicerol dehidrogenasa. En este trabajo se estudió la síntesis de glicerina a 
través de estas enzimas. 
  
La fructosa-6-fosfato aldolasa divide la fructosa-6-fosfato en gliceraldehído-3-fosfato y 
dihidroxiacetona. Para producir glicerina de la dihidroxiacetona, se utilizó glicerol 
deshidrogenasa. 
  
En este trabajo, se utiliza un mutante de la fructosa-6-fosfato aldolasa, llamado 
fructosa-6-fosfato aldolasa A129S, con una mayor eficiencia. 
  
El proceso se inició desde el principio con la transformación celular por choque de 
calor de una cepa de Escherichia coli introduciendo el plásmido con el gen que codifica 
las proteínas que son necesarias para llevar a cabo la síntesis. Se confirmó la 
inoculación de los plásmidos correctos mediante un gel de agarosa de los plásmidos y 
una restricción de los mismos, obteniendo las longitudes adecuadas en ambos 
controles. 
  
A continuación, se comprobó, sabiendo su peso (fructosa-6-fosfato aldolasa y glicerol 
deshidrogenasa pesan respectivamente 22,9 y 39 kDa aproximadamente), si las 
proteínas obtenidas eran las adecuadas a través de una electroforesis en gel de 
poliacrilamida- SDS, y después, se llevaron a cabo los respectivos ensayos con 
diferentes tampones que fueron utilizados en la síntesis, obteniendo una mayor 
actividad a la esperada.  
Posteriormente, los ensayos de ambas enzimas, para ver si podían trabajar juntos 
tratando de tener las mejores condiciones para los dos, se realizaron con un resultado 
positivo. 
  
Desnaturalizar las proteínas fue elegido como método para detener la reacción y 
medir a través de la HPLC. Los controles se llevaron a cabo con diferentes 
concentraciones de ácido clorhídrico con resultados positivos. 
  
Finalmente se ejecutó la síntesis para producir glicerina con las condiciones escogidas. 
El resultado final fue que sólo se obtuvo la dihidroxiacetona. Se esperaba obtener 
glicerina, pero debido a una inhibición de NADH en la glicerol deshidrogenasa no se 
produjo. 
  
Por otra parte, una serie de histidina se inoculó en la enzima fructosa-6-fosfato 
aldolasa A129S, por lo que se podía realizar una purificación por cromatografía de 
afinidad. El objetivo fue comparar esta técnica para purificar con otra a través de la 
precipitación térmica. Los resultados fueron favorables a la cromatografía. 
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4. INTRODUCTION 
In this work a synthesis pathway was studied. It involved two enzymes: Fructose-6-
phosphate from the Aldolases family, and Glycerol dehydrogenase, which are 
explained below. 
 
4.1. ALDOLASES 
 
Many classes of enzymes have been exploited as synthetic tools and one of the most 
prominent are the aldolases (Sugiyama et al., 2007).  
Aldolases are lyases that typically catalyze a stereoselective addition of a keto donor 
on an aldehyde acceptor molecule (Schürmann and Sprenger, 2001), catalyze the 
reversible formation of C–C bonds by the aldol addition of a nucleophilic donor onto 
an electrophilic aldehyde acceptor (Figure 1). The stereochemistry at the newly formed 
stereo center(s) in most cases is strictly controlled by the enzyme (Clapés et al., 2010). 
Aldol condensation and cleavage reactions play crucial roles in the central sugar 
metabolic pathways of all organisms (Schürmann and Sprenger, 2001). This makes 
aldolases attractive tools in the synthesis of chiral complex, bioactive compounds, such 
as carbohydrates, amino acids, and their analogues.  
+
O
OH
OPO3
2-
OH
O3
2-
PO
O
fructose-1,6-biphosphatedihydroxyacetone phosphate glyceraldehyde-3-phosphate
O
OPO3
2-
OPO3
2-
 
Figure 1. Reversible formation of C-C bonds in the formation of Fructose-1,6-biphosphate from DHAP 
and G3P.  
By the nature of reversible aldol reactions, aldolases can be easily combined with 
other functional group transforming enzymes in multistep or cascade reactions either 
for generating in situ a suitable substrate for an ensuing chemical/enzymatic functional 
transformation, or for shifting unfavorable product equilibrium by coupling to an 
energetically more favorable, even irreversible process.  
Aldolase enzymes are somewhat limited in that they are usually highly selective 
toward their donor substrate and, in some instances, in that the product stereo 
selectivity does not always fulfil the high expectations, especially when dealing with 
non-natural acceptor substrates (Clapés et al., 2010). Lack of generality and inability to 
use readily available substrates has limited the practicality of aldolases as catalysts for 
organic synthesis (Sugiyama et al., 2007).  
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There are two classes of aldolases. Class I aldolases exhibit a conserved lysine residue 
in the active site which forms a Schiff base intermediate with the donor compound to 
generate an enamine nucleophile. In class II aldolases, a divalent metal ion promotes 
the enolization of the donor substrate via Lewis acid complexation.  
The nucleophilic enamine or enolate then attacks the carbonyl carbons of the acceptor 
substrate forming the new C–C bond.  
Class I and II aldolases vary in other criteria such as subunit structure, pH profile, and 
substrate affinity. They share little if any sequence homology and are apparently of 
different evolutionary origins. Class II aldolases prevail in bacteria, in fungi, and algae, 
while class I aldolases are mainly distributed in higher eukaryotes including animals, 
plants, protozoa, and algae.  
Aldolases can be classified according to their donor specificity into firstly, pyruvate/2-
oxobu-tyrate aldolases; secondly DHAP aldolases; thirdly, DHA aldolases; fourthly, 
glycine/alanine aldolases; and fifthly, acetaldehyde aldolases (Clapés et al., 2010).  
Substrates frequently need to be phosphorylated, and small changes in substrate 
structure typically lead to significant reduction in activity (Sugiyama et al., 2007).  
One of the drawbacks of DHAP aldolases is their strict specificity toward the donor 
substrate and that DHAP is chemically unstable and expensive, but can be either 
prepared chemically, enzymatically or generated in situ (Clapés et al., 2010). The high 
cost and instability of DHAP, as well as the requirement of a phosphatase to remove 
the phosphate ester, reduce the practicality of the process. Significant effort has been 
expended toward a more practical access to DHAP, but it remains difficult. A more 
desirable solution would be the elimination of the requirement for DHAP, and 
facilitation of the use of readily available, inexpensive DHA in its place (Sugiyama et al., 
2007).  
In this connection, the discovery of a novel D-fructose-6-phosphate aldolase 
isoenzyme (FSA) from E. coli, which readily accepts unphosphorylated DHA as donor, 
was highly promising and significant (Clapés et al., 2010).  
4.2.  FRUCTOSE-6-PHOSPHATE ALDOLASE  
Advanced knowledge in the catalytic function of proteins, as well as advanced 
strategies toward an in vitro evolution of a given biocatalyst increasingly faster more 
effective pathways in structure-guided protein engineering and accelerated 
approaches to improve an enzyme’s substrate tolerance, stereoselectivity, and other 
functional properties to broaden its window of applicability (Clapés et al., 2010).  
With a set of four DHA-dependent aldolases (FSAwt, FSA A129S, TalBF178Y, 
TalBF178Y/R181E) to hand, all specific for the 3S,4R product configuration but showing 
distinct overlapping substrate specificities, one of the most limiting problems of DHAP 
aldolases—the narrow specificity for an expensive phosphorylated substrate—has now 
been partly solved (Samland et al., 2011).  
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Fructose 6-phosphate aldolase (FSA) is a novel type of class I aldolases (Schiff base 
intermediate) that catalyses the reversible formation of fructose 6-phosphate from 
dihydroxyacetone (DHA) and d-glyceraldehyde 3-phosphate (Schürmann et al., 2002).  
It is encoded by this open reading frame, which is the first report of an enzyme that 
catalyzes an aldol cleavage of fructose 6-phosphate from any organism (Schürmann 
and Sprenger, 2001) (Figure 2).  
O
OH
OPO3
2-
O
OH OH
O OH
OH
OH
OH OPO3
2-
fructose-6-phosphate dihydroxyacetoneglyceraldehyde-3-phosphate
fructose-6-phosphate 
aldolase
+
 
Figure 2. Aldol reaction by FSA cleaving F6P to G3P and DHA.  
FSA is a robust and synthetically useful catalyst with a great potential for highly 
stereoselective aldol additions of DHA, hydroxyacetone and hydroxybutanone toward 
a large variety of aldehydes (Clapés et al., 2010).  
The enzyme forms a decameric or dodecameric structure of identical subunits in 
solution and in the crystal. The decamer consists of two rings of pentamers lying on 
top of each other and the C-terminal helix of one subunit covers the active site of its 
next neighbour subunit, it has a weight of 22.998 kDa per subunit and a size of 257000 
bp (± 20000). This decameric structure is very similar to the structure of (smaller) 
transaldolases. The temperature stability of FSA might be the result of the densely 
packed decamer structure of FSA. Moreover, FSA displays abroad pH range (from 5.5 
to 11.0) (Samland et al., 2011), and a remarkably high temperature stability (t1/2 of 16 
h at 75 ºC) although the enzyme stems from a mesophilic microorganism, active in the 
range from 20 to 75 ºC. The enzyme is enantiospecific (forming 3S, 4R products) 
(Schürmann et al., 2002).  
Recombinant FSA wt. can be produced in high amounts since it can be efficiently 
expressed in E. coli. And can be used with acceptable purity after a simple heat 
treatment of a crude extract (Castillo et al., 2010).  
FSA is able to accept glycoaldehyde as an alternative donor substrate. This activity 
offers the unprecedented opportunity of enzymatic cross-aldol addition reactions of 
glycolaldehyde to aldehydes, thereby opening new promising biocatalytic strategies 
for the immediate and stereoselective synthesis of aldoses (instead of ketoses derived 
from usual ketone donors) and related complex analogues or derivatives (Clapés et al., 
2010).  
The hallmark of FSA is its ability to catalyze direct aldol additions of unphosphorylated 
DHA skipping a tedious, time-consuming and expensive DHAP synthesis (Castillo et al., 
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2010). DHAP is not only expensive, but it also yields a phosphorylated sugar product, 
which may have to be dephosphorylated to obtain the final desired product 
(Schürmann et al., 2002).  
The purified enzyme displayed a Vmax of 7 units mg-1 of protein for fructose 6-
phosphate cleavage (at 30 °C, pH 8.5 in 50 mM glycylglycine buffer). For the 
aldolization reaction a Vmax of 45 units mg-1 of protein was found; KM values for the 
substrates were 9 mM for fructose 6-phosphate, 35 mM for dihydroxyacetone, and 0.8 
mM for glyceraldehyde 3-phosphate.  
Optimal activity was found around pH 8.5, with a broad range of activity in buffers 
from pH 6.0–12.0.  
FSA was inhibited by glycerol, inorganic phosphate, and arabinose 5-phosphate but not 
by EDTA (at 10 mM), which points to a metal-independent mode of action. It was likely 
that this novel aldolase does not belong to class II (metal-dependent aldolases) and 
instead is a new member of class I aldolases (Schürmann and Sprenger, 2001).  
Genes with high sequence similarity to the E. coli fsaA and fsaB genes can be found in 
other enterobacterial species. It shows striking similarity to transaldolases in sequence 
and structure but does not catalyze a transferase activity. It thus formally belongs to 
the aldolase enzyme class despite the fact that its evolutionarily closer relatives are 
transaldolases (Samland et al., 2011), an enzyme class that must accommodate four 
separate substrates in its active site over the course of its catalytic cycle (Sugiyama et 
al., 2007), especially small transaldolases from gram-positive bacteria and archaea 
that, as well as FSA, it also form decameric enzymes (Samland et al., 2011). FSA has a 
significant amount of plasticity in its binding site, which may be related to its high 
homology to transaldolases (Sugiyama et al., 2007).  
E. coli displays two genes—fsaA and fsaB (formerly talC)—encoding structurally very 
similar isoenzymes. The best-studied isoenzyme, FsaA, has a broad substrate 
spectrum, including at least four different donor compounds. FsaA, FsaB and their 
close enterobacterial relatives instead form a subfamily in the midst of the 
transaldolase enzymes. The fsaA or the fsaB gene is expressed at a significant rate in E. 
coli. Possibly, both genes (which show a high degree of sequence similarity) are 
evolutionary remnants of catabolic pathways for rare sugars. FSA enzymes are closely 
related to each other (subfamily 5) and are very similar in sequence and structure to 
transaldolases, especially to small transaldolases of subfamily 4 (Samland et al., 2011).  
The lack of strict donor substrate preference exhibited by FSA is unusual for an 
aldolase, which is useful because strict donor substrate specificities of aldolases have 
often limited their applications. The sequence of FSA is also unusual and is, in fact, 
more homologous to transaldolases, although transaldolase activity was not observed 
for this enzyme (Sugiyama et al., 2007), apparently because the DHA Schiff base 
intermediate is less stable than in transaldolase and hydrolyses more easily. These are 
favourable features for prospective synthetic use and make FSA a robust and 
synthetically useful catalyst with great potential for highly stereoselective aldol 
additions of DHA and structural analogues to a large variety of aldehydes. The binding 
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sites are lined mainly by aliphatic residues in the case of FSA. These residues 
correspond to the nonpolar residues Leu107 and Ala129 in FSA (Samland et al., 2011). 
The amino acid residue alanine-129 of FSA was exchanged to a serine residue (A129S) 
by site-directed mutagenesis (Castillo et al., 2010).  
Replacement of Ala129 by Ser (Ala129Ser) greatly improved the catalytic efficiency 
towards DHA as donor (FSAwt 4s-1 mm-1; FSA A129S 69 s-1 mm-1), probably by 
providing a new H-bond to the OH group at C1 (Samland et al., 2011).  
FSA A129S is a mutant of FSA of Escherichia coli with improved catalytic efficiency 
towards DHA and is an improved biocatalyst for the aldol additions of DHA to 
aldehydes (Castillo et al., 2010).  
For FSA A129S, the catalytic efficiency for the donor substrates decreases in the order 
DHA>HA>GA, so FSAwt and FSA A129S show complementary donor specificity 
(Samland et al., 2011).  
The efficiency for DHA was 17-fold higher with FSA A129S than that with FSA wt., FSA 
wt. has a KM value for DHA of 32mM; the A129S variant has an improved KM value of 
11mM. Several carbohydrates and nitrocyclitols were efficiently prepared, 
demonstrating the versatile potential of FSA A129S as biocatalyst in organic synthesis. 
Interestingly, although no transaldolase activity was observed, the single A129S one 
gave a strikingly improved efficiency towards DHA, d-G3P and d-F6P, and potential 
complementary synthetic abilities to those of FSA wt.  
FSA A129S catalyzed the synthesis of complex sugars and analogues such as d-xylulose 
and d-fructose, not accessible via FSA wt catalysis.  
The use of an expression vector with an added kanamycin resistance cassette led to a 
remarkable improvement of the enzyme yields in comparison to the system with 
ampicillin resistance alone (Castillo et al., 2010).  
 
4.3. GLYCEROL DEHYDROGENASE 
Two glycerol assimilatory pathways are known to occur in members of the 
Enterobacteriaceae: first, glycerol is converted by glycerol kinase to glycerol-3-
phosphate that is subsequently oxidized to dihydroxyacetone phosphate by a specific 
flavoprotein-linked glycerol-3-phosphate dehydrogenase (Figure 3), and second, a 
different two-step reaction requires a glycerol dehydrogenase, and then a 
dihydroxyacetone kinase (Figure 4). Although the former pathway is the major glycerol 
assimilation pathway in Escherichia coli, an alternate pathway for glycerol utilization 
can also be used, which is mediated by glycerol dehydrogenase (GLDA) converting 
glycerol to dihydroxyacetone (DHA). Although earlier studies in E. coli indicated that 
enzymatic catalysis by GLDA was reversible between dihydroxyacetone and glycerol 
(Subedi et al., 2008).  
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Figure 3. First glycerol assimilatory pathway by glycerol kinase and glycerol phosphate 
dehydrogenase. 
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Figure 4. Second glycerol assimilatory pathway by glycerol dehydrogenase and dihydroxyacetone 
kinase.  
The major form of glycerol dehydrogenase behaved as a protein of 310.000 kDa, 
whereas the minor component behaved as a protein of 81.000 kDa. By carrying out 
polyacrylamide gel electrophoresis only a single band of protein of 39.000 kDa 
appeared. Glycerol dehydrogenase thus appears to exist as a dimer and an octomer 
(Tang et al., 1979). The analysis of the DNA fragments allowed their identification on 
the physical map of E. coli. It revealed the location of the GLDA region at 89.2 min 
(Truniger and Boos, 1994).  
The observation on GLDA for its affinity and specificity towards DHA at physiological 
pH suggest that the enzyme serves primarily as a DHA converting enzyme. This is 
further substantiated by an observation that the crude E. coli extract displayed the 
catalytic activity to DHA, not to glycerol. The reaction for DHA by GLDA is well known 
in some fungal species including Hypocrea jecorina (Liepins et al., 2006), Aspergillus 
nidulans, and Aspergillus niger (Schuurink et al., 1990), although the pathway is poorly 
understood in bacteria including E. coli.  
DHA and methylglyoxal (MG) are toxic metabolites being produced during glycolysis in 
different types of cells, although the metabolic pathway involving dihydroxyacetone is 
poorly understood in E. coli. Dihydroxyacetone could be generated by aldol cleavage 
from fructose-6- phosphate in E. coli by the action of fructose-6-phosphate aldolases, 
Fsa and TalC (Schürmann & Sprenger, 2001).  
Previous studies on the E. coli GLDA were inconclusive about its physiological 
substrate, for the enzyme exhibited broad specificity and different optimum conditions 
for different substrates, pH 5.5–6.0 for dihydroxyacetone (Subedi et al., 2008), with a 
rapid decline in the activity above pH 7.5 and 9.5–10.0 for glycerol, with a rapid decline 
of the activity below pH 8.5 (Tang et al., 1979).  
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At neutral pH, the enzyme exhibits much higher affinities towards DHA, MG, and GA 
than glycerol with KM values of 0.30, 0.50, 0.85, and 56mM, respectively (Subedi et al., 
2008).  
Glycerol dehydrogenation is highly activated by NH4+, K+, or Rb+, but strongly inhibited 
by N-ethylmaleimide, 8- hydroxyquinoline, 1,10-phenanthroline, Cu2+, and Ca2+. The 
enzyme exhibits a broad substrate specificity (Tang et al., 1979).  
The roll of FSA and its mutants make the analysis of its parameters and the research 
and designs of new pathways, an important research nowadays. This work tries to 
determinate the kinetic of them and with the help of GLDA, the obtaining of glycerin as 
the product through this pathway.  
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5. OBJECTIVE 
 
Fructose-6-phosphate aldolase is useful to design alternative syntheses pathways. In 
the institute where this work were developed, do research with it, investigating it and 
designing synthesis. That is why this work was based on a synthesis design.  
 
The main objective of this work was to obtain a product, in this case glycerin, from the 
enzymatic reactions of Fructose-6-phosphate A129S, a more efficient mutant of 
Fructose-6-phosphate, with the help of Glycerol dehydrogenase and with Fructose-6-
phosphate as the substrate, as it is showed in the figure 5.  
 
Other objectives were the production and analysis of the enzymes to determinate 
their activity, the testing of which purification method is better between affinity 
chromatography and heat precipitation and to learn the methods with which was 
possible to achieve all the processes. 
 
O
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Figure 5. Main reaction of the process. It shows the cleavage of F6P to DHA and G3P and then the 
conversion of DHA to Glycerol. 
 
6. MATERIAL  
 
6.1. BACTERIAL STRAINS AND PLASMIDS 
 
6.1.1. BACTERIAL STRAINS. The following Escherichia coli strain was used: 
 BL21(DE3) 
o Genotype: F-, ompT, hsdSB(rB-, mB-), gal, dcm (DE3),pLysS(CamR) 
o Source: Invitrogen, Karlsruhe 
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6.1.2. PLASMIDS 
 pLysS 
o Description: lacI, CamR, p15a ori 
o Source: Novagen, Darmstadt 
 
 pET22bfsaA A129S AmpR 
o Description: fsaA A129S Gen mit N-term. 6xHis 
o Source: Doctoral thesis of Lena Stellmacher 
 
 pET22b AmpR 
o Description:  fsaA Gen von E. coli K12 (strain MC4100) mit N-term. 6xHis 
o Source: Doctoral thesis of Lena Stellmacher 
 
 pET28agldA KanR 
o Description: gldA Gen (1104 bp) aus E. coli LJ110(DE3) in pET28a 
(NdeI/BamHI) 
o Source: K. Ullrich, unpublished 
 
 pET28a KanR 
o Description: PT7, KanR, oripBR322, ori f1, lacI, T7 Tag,N-term. 6xHis, C-
term. 6xHis 
o Source: Novagen, Darmstadt 
 
6.2. CHEMICALS 
 
Acetic acid Roth, Karlsruhe, Germany 
Acrylamide Roth, Karlsruhe, Germany 
Adenosine Triphosphate, disodium salt, Trihydrat, (>98%) Roth, Karlsruhe, Germany 
Agar-agar Roth, Karlsruhe, Germany 
Ammonium Chloride (>99%) Fluka, Bachs, Schweiz 
APS Fluka/Sigma-Aldrich, Taufkirchen, Germany 
BSA New England Biolabs, Frankfurt am Main, Germany 
Coomassie brilliant blue G250 Fluka/Sigma-Aldrich, Taufkirchen, Germany 
Coomassie brilliant blue R-250 Fluka/Sigma-Aldrich, Taufkirchen, Germany 
CutSmart® Buffer New England Biolabs, Frankfurt am Main, Germany 
DNA-Marker (GenerulerTM DNA Ladder Mix) Fermentas, St. Leon-Rot, Germany 
Dihydroxyacetone (>95%), Lithium salt, Sigma-Aldrich, Taufkirchen, Germany 
Dipotassiumhydrogen phosphate (98%) anhydrous, Roth, Karlsruhe, Germany 
DNAse Applichem, Darmstadt, Germany 
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EDTA Roth, Karlsruhe, Germany 
Ethanol (≥99.5%) Roth, Karlsruhe, Germany 
Fructose-6-Phosphate Boehringer Mannheim, Germany 
Glycerol-3-phosphate dehydrogenase Fluka/Sigma-Aldrich, Taufkirchen, Germany 
Glucose-6phosphate dehydrogenase Fluka/Sigma-Aldrich, Taufkirchen, Germany 
Glycerin Fluka/Sigma-Aldrich, Taufkirchen, Germany 
Glycylglycin (>99%) Biomol, Hamburg 
Imidazol Roth, Karlsruhe, Germany 
IPTG Peqlab, Erlangen, Germany 
Isopropanol Roth, Karlsruhe, Germany 
Lysozyme Roth, Karlsruhe, Germany 
Magnesium Chloride-Hexahydrate, (>99%) Roth, Karlsruhe, Germany 
NADH (>95%), disodium salt, Biomol, Hamburg 
NADP+ Gerbu Biotechnik, Wieblingen, Germany 
Phosphoglucose isomerase Roche, Penzberg, Germany 
Potassium dihydrogenphosphate (>98%) Roth, Karlsruhe, Germany 
Restriction enzymes: HindIII, EcoRV New England Biolabs, Frankfurt am Main, Germany 
SDS Serva, Heidelberg, Germany 
SDS-Marker Bio-Rad, München, Germany 
Sodium chloride Roth, Karlsruhe, Germany 
TEMED Fluka/Sigma-Aldrich, Taufkirchen, Germany 
Triethanolamine Sigma-Aldrich, Taufkirchen, Germany 
Triosephosphate isomerase Fluka/Sigma-Aldrich, Taufkirchen, Germany 
Tris Roth, Karlsruhe, Germany 
Tryptone Roth, Karlsruhe, Germany 
Yeast extract Roth, Karlsruhe, Germany  
6.3. CULTURE MEDIUM 
 
 LB medium 
o 10 g/L Tryptone 
o 5 g/L Yeast extract 
o 10 g/L NaCl 
o H2O 
 2YT medium 
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o 16 g/L Tryptone 
o 10 g/L Yeast extract 
o 5 g/L NaCl 
o H2O 
 
Both sterilized by autoclaving at 121 ºC for 20 min, antibiotics were added 
under sterile conditions according to its need. In case of solid medium (agar 
plate), 1.6 % (w/v) agar was added. 
 
 
6.4. SOLUTIONS 
 
 
- Agarose gel electrophoresis: 
  50x TAE-Buffer: 
Tris  24.2 % (w/v) 
Acetic Acid 5.7 % (v/v) 
EDTA  3.7 % (w/v) 
 
- Antibiotics: 
Ampicillin   100mg/mL in H2O 
Chloramphenicol  25mg/mL in EtOH 
Kanamicin   50mg/mL in H2O 
 
- Bradford reagent: 
Coomassie Brilliant Blue G250 50 mg 
Technical EtOH   25 mL 
Ortho-phosphoric Acid (85 %) 50 mL 
Bidest. H2O   ad 500 mL 
 
Bottle protected from the light, store at 4 ºC  
 
- Production of competent cells: 
  TBFI     
30 mM KOAc 
50 mM MnCl2 
100 mM CaCl2 
15% (w/v) Glycerin 
  TBFII 
10 mM Na-MOPS pH 7.0 
10 mM KCl 
75 mM CaCl2 
15% (w/v) Glycerin 
Analysis of the Enzymatic Reactions in the Conversion of Fructose-6-Phosphate to Glycerin 
 
 
 20 
 
- SDS-PAGE 
10x SDS Running Buffer: 
 
Glycine  144.1 g 
Tris  30.3 g 
SDS  10 g 
H2O  ad 1 L 
   
Coomassie Dye Solution: 
 
Coomassie Brilliant blue R-250 0.1 % (w/v) 
Isopropanol     40 % (v/v) 
Acetic Acid      10 % (v/v) 
 
- EDTA 100mM pH8 
 
- NiSO4 100mM  
 
- Imidazol: 
 10mM 
 25mM 
 50mM 
 250mM 
 500mM 
 
 
 
 
 
6.5. DEVICES 
 
Agarose gel chamber 
 Mini-SUB, Biorad Laboratories, Richmond, USA 
 
Centrifuges 
 Eppendorf Centrifuge 5417C 
 Rotina 380R Hettlich Zentrifuge 
 Rotanta 460R Hettlich Zentrifuge 
 Beckman Coulter Avanti JXN-26 centrifuge 
 
Photometer 
Cari 50 Bio UV-Visible Spektrophotometer, Varian, Damstadt, Germany 
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Cary 100 Bio UV-Visible Sprektrophotometer, Varian, Damstadt, 
Germany 
 
pH meter 
 WTW pH531 pH meter 
 
Vortex device 
Fisons Scientific Equipment Whirli mixerTM Vortex Mixer, Suffolk, 
Germany 
 Jake & Kunkel IKA-Labortechnik VF2 
 
Freezer (-20°C) 
 AEG Electrolux Arctis 
 Liebherr Profiline 
 
Freezer (-80°C) 
 New Brunswick Scientific Ultra Low Temperature Freezer C585 
 
Incubator 
 Heraeus B 5050E, Hanau, Germany 
 Inkubationsschüttler, Infors HT, Einsbach, Germany 
 Inkubationsschüttler Multitron Pro, Infors HT, Einsbach Germany 
 
Magnetic stirrer 
 Heidolph MR2000, Schwabach, Germany 
 
Thermoblock 
 Block Heater, Stuart Scientific 
 
SDS-page Electrophoresis Chamber 
 Mini-protean® Tetra System, Biorad Laboratories, Richmond, USA 
 
Water Bath Shaker 
 Gyrotory® 676 New Brunswick Scientific, Edison, NJ, USA 
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7. METHODS 
7.1. DNA TRANSFORMATION 
 
7.1.1.      COMPETENT CELLS  
To produce competent cells of BL21 (DE3) a single colony was picked, then 
inoculated and cultured in 5 mL LB medium + 5 µL CAM overnight, at 37°C 
by 200 rpm. Then 1 mL culture was inoculated in 50 mL LB medium + 50 
µL CAM untill OD600nm≈0.8 at 37°C by 200 rpm. Then, 50 mL LB medium + 
50 µL CAM were added untill OD600nm≈0.8 at 37°C by 200 rpm. Afterwards 
was centrifuged at 4°C by 5000 rpm during 10 min. The supernatant was 
removed and 10 mL TFBI were added to suspend the pellet, and left 
during 10 min on ice before was centrifuged at 4°C by 5000 rpm during 10 
min. The pellet was suspended again with 5 mL TFBII. The suspension was 
distributed in 1.5 mL Eppendorf, 100 µL suspension each. They were 
stored at -20°C. 
 
7.1.2. TRANSFORMATION  
BL21 (DE3) cells were transformed with DNA, 100 µL of these cells were 
thawed on ice, mixed with 1 µL plasmid and kept on ice during 30 min. 
After that, they were submitted to a heat shock at 42 °C during 1.5 min 
and then kept on ice during 5 min. Then, 1 mL LB medium was given to 
the mixture and they were incubated in the shaker at 37 °C for 1 h. Finally 
100 µL from each mixture were plated in selections LB medium + CAM 
+AMP or KAN plates. The plates were incubated overnight at 37 °C.  
7.2. PLASMID ISOLATION 
 
Plasmid DNA was purified with the kit “NucleoSpin/ Plasmid (NoLid): Isolation of high 
copy plasmid DNA from E.coli” (MACHEREY-NAGEL GmbH & Co.KG, Düren, Germany). 
 
To obtaining the cells to proceed with the plasmid isolation, a single colony of each 
strain was inoculated and cultured in 5 mL LB medium with the corresponding 
antibiotic by 170 rpm, overnight and at 37 °C. 
Plasmid DNA was isolated as follows: 2 mL from the overnight culture were 
centrifuged at 11000 x g during 1 min, then, the supernatant was removed. It was 
repeated till there was no more overnight culture. 
After that, the pellet was resuspended with 250 µL A1 buffer using a vortex. Then, 250 
µL A2 buffer were added and mixed carefully and left during 5 min at room 
temperature. Afterwards, 300 µL A3 buffer were added and carefully mixed till the 
color changed (Blue  White). 
Then the mix was centrifuged at 11000 x g during 10 min, the supernatant was 
removed, placed in an Eppendorf 2 mL with filter (max 700-750 µL) and centrifuged at 
1000 x g during 1 min as much times as liquid we had. After, 600 µL A4 buffer were 
added and the mix was centrifuged at 11000 x g during 1 min, the supernatant was 
removed. Then the filter was dried in the centrifuge at 11000 x g during 2 min. 
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The filter was taken and placed in a 1.5 mL Eppendorf, 100 µL H2O millipore were 
added and left rest during 1 min at room temperature. Finally it was centrifuged at 
11000 x g during 1 min.  
The samples were stored at -20 °C. 
 
 
7.3. AGAROSE GEL ELECTROPHORESIS 
 
Sample: 2 µL plasmids + 7 µL H2O milipore + 1 µL Loading Buffer 
For make a 150 mL Gel it’s used: 150 mL TAE buffer + 1.5 g (1% g/mL of TAE buffer 
volume) agarose + 7.5 µL (0.005% v/v of TAE buffer volume) EtBr. 
150 mL TAE buffer were added in an Erlenmeyer, then 1.5 g agarose were added and 
warmed up till the agarose was diluted, then the agarose chamber was filled up and 
the mold was put for make the pits.  
It was left resting till it was solidified (approx. 30 min)  
The agarose gel electrophoresis was carried out in a chamber with 1% agarose gel plus 
≈ 5 µL EtBr (10 mg/mL) submerged in 1x TAE. The samples were constituted of 2 µL 
DNA solution (in the case of the plasmids) and sterile H2O with a final volume of 10 µL. 
Finally they were mixed with 1 µL 10x DNA Loading Dye and loaded in the gel. As a 
marker, GenerulerTM DNA Ladder Mix was used, 5 µL. The electrophoresis was carried 
out at 100 V during approximately 30 min. 
After that, the results were observed and printed through a UV-Illuminator. 
 
 
7.4. RESTRICTION 
 
The restriction enzymes were used with CutSmart® Buffer, the temperature and time 
are defined in table 1. For a final volume of 20 µL, in the mix was added: 
- 5 µL plasmid: 
o pET22b:                                          57 ng/microL 
o A129S:                                            55.5 ng/microL 
o pET28agldA:                                  52.5 ng/microL 
o pET28a:                                          36 ng/microL 
- 1 µL CutSmart® Buffer (5 % (v/v)) 
- 0.5 µL enzyme (10 U) 
- 13.5 µL H2O  
 
Plasmid Enzyme Units/mL Time Temperature 
pET22bfsaA A129S EcoRV 20000 1 h 37 °C 
pET22b EcoRV 20000 1 h 37 °C 
pET28agldA HindIII 20000 1 h 37 °C 
pET28a HindIII 20000 1 h 37 °C 
Table 1. Plasmids which were digested, restriction enzymes with the units, time and temperature of 
incubation. 
 
The expected fragments after these digestions were: 
 pET22bfsaA A129S: a 1536 bp and 4546 bp fragment  
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 pET22b: a 1347 bp and 4146 bp fragment  
 pET28agldA: a 1028 bp and 5496 bp fragment  
 pET28a: a 5369 bp fragment, in this case the enzyme cut once  
 
 
7.5. OVEREXPRESSION OF THE PROTEIN 
 
Negative controls (pET22b and pET28a) and the samples (pET22bfsaA A129S and 
pET28agldA) were performed. The colonies were inoculated in Erlenmeyer flasks with 
20 mL LB medium and the corresponding antibiotics (CAM and AMP (pET22b, 
pET22bfsaA A129S, pJF119 and pJF119 FSA A129S)/ KAN (pET28a and pET28agldA)). 
They were incubated in the shaker overnight at 37 °C by 170 rpm. 
The right amount of the overnight cultures needed to be inoculated in the 2 L 
Erlenmeyer flasks with 400 mL LB medium and the corresponding antibiotics, were 
calculated so that the OD600nm of the 400 mL LB medium was 0.2. Afterwards, the flasks 
were incubated in the shaker during approximately 2 h at 37 °C by 170 rpm till the 
cultures reached an OD600nm of 0.6. Then, they were induced with 1 mM IPTG (fluid) 
and incubated in the shaker during 4 h at 37 °C. Thereafter, the 400 mL were collected 
in 1 L flasks and centrifuged by 6000 rpm, during 10 min at 4 °C. Then, the supernatant 
was removed and the pellet was resuspended with 20 mL glycylglycine buffer and the 
samples were collected in 50 mL falcon tubes and centrifuged again by 6000 rpm 
during 10 min at 4 °C. Finally the supernatants were removed again and the pellets 
were stored by -20 °C.   
 
7.6. CELL DISRUPTION 
 
The frozen pellets obtained during the overexpression of the protein were thawed on 
ice and were resuspended in lysis buffer: 
- 2 mL glycylglycine buffer / g pellet 
- 100 µg DNAse / mL glycylglycine buffer 
- 10 µg lysozim / mL glycylglycine buffer 
The resuspended pellets were incubated during 20 min at 30 °C and then 30 min on 
ice. Then the cells were broken through an ultrasonic device (3 times, by 30 % Duty 
Cycle, 30 s) and transferred in 2 mL Eppendorf tubes. The lysed cells were centrifuged 
by 14000 rpm during 1 h at 4 °C and the supernatant were transferred in a 15 mL 
falcon tube. 
 
7.7. METHOD OF DETERMINATION OF THE PROTEIN 
 
For the exact protein determination (Bradford, 1976), a Bradford reagent was 
calibrated with the help of a 10 mg / mL BSA (bovine serum albumin) (Figure 6). For 
that purpose, dilutions from 10 till 100 µg / mL in sterile H2O were prepared. 100 µL 
protein solutions were added to 900 µL Bradford-reagent and incubated at room 
temperature during 5 min. Then the OD by 595 nm was calculated and, with these, a 
trend line was generated. The protein concentration from an unknown solution could 
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be determined with the equation of this trend line. In this case, a duplicate would also 
be performed. 
 
 
Figure 6. Bradford’s calibration graphic to procedure to measure the protein concentration. 
 
 
 
7.8. NI-NTA COLUMN REGENERATION 
 
To do a regeneration of a column (FSA, GLDA) this protocol (The QIAexpressionistTM, 
QIAGEN) was followed: 
1. The column was washed with 5 mL of H2O 
2. The column was washed with 3 mL of 2 % SDS 
3. The column was washed with 1 mL of 25 % EtOh 
4. The column was washed with 1 mL of 50 % EtOh 
5. The column was washed with 1 mL of 75 % EtOh 
6. The column was washed with 1 mL of 100 % EtOh 
7. The column was washed with 1 mL of 75 % EtOh 
8. The column was washed with 1 mL of 50 % EtOh 
9. The column was washed with 1 mL of 25 % EtOh 
10. The column was washed with 1 mL of H2O 
11. The column was washed with 5 mL of 100 mM EDTA, pH 8 
12. The column was washed with 5 mL H2O 
13. The column was recharged with 2 mL of 100 mM NiSO4 
14. The column was washed with 2 mL of H2O 
 
7.9. PURIFICATION: AFFINITY CHROMATOGRAPHY – NI-NTA COLUMN 
 
Regenerated columns (FSA, GLDA) were taken and the followed protocol was followed: 
1. 5 mL NaH2PO4-Buffer was added 
2. The supernatant was added to the column and picked up in a 1 mL 
Eppendorf tube. Every time 1 mL of solution was added and the samples 
were picked up in a 1 mL Eppendorf tube. 
3. 5 volumes (5 mL) 10 mM Imidazol were added 
4. 3 volumes 25 mM Imidazol were added 
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5. 1 volume 50 mM Imidazol was added 
6. 5 volumes 250 Imidazol were added 
7. 5 volumes 500 Imidazol were added 
8. The column was washed with Add 5 volumes water  
9. 5 volumes 20 % technical EtOH were added 
 
7.10. POOLING 
 
Samples with more quantity of protein and more purified were taken in a filter. Then 
the filter was centrifuged at 4 ºC by 4000 g till 200 µL were remained. 4 mL 
glycylglycine 50 mM pH 8.5 were added. Then it was centrifuged at 4 ºC by 4000 g till 
200 µL were remained. These 200 µL sample were kept in a 1 mL Eppendorf tube at 4 
ºC. 
 
7.11. PURIFICATION: HEAT PRECIPITATION 
 
Native Fructose-6-phosphate Aldolase, so without His-Tag, was used for this kind of 
purification to compare the both purification methods, which were carried out in this 
work. As is known FSA supports 20-75 ºC (Schürmann et al., 2002). Knowing that the 
supernatant, where the active enzyme were, was taken from the Cell Disruption 
process and warmed at 70 ºC during 10 min (Sarah Schneider, 2010). Then it was 
centrifuged by 14000 rpm during 30 min and the supernatant was transferred to 1.5 
mL Eppendorf tube. 
 
7.12. SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS 
 
This protocol was based on Laemmli (1970). The pellet and supernatant from each 
lysate cell were separated via SDS-PAGE. A casting of 12 % (GLDA) and 15 % (FSA 
A129S) were prepared. The SDS-gel composition for 4 gels can be seen in the table 2: 
 
Separator Gel Collecting Gel 
  12% 15%     6%   
H2O 6.7 4.7 mL H2O 5.3 mL 
30% Acrylamide 8.0 10.0 mL 30% Acrylamide 2.0 mL 
Tris Buffer (1.5 M; pH 8.8) 5.0 mL Tris Buffer (0.5 M; pH 6.8) 2.5 mL 
10% SDS 200 μL 10% SDS 100 μL 
10% APS 200 μL 10% APS 100 μL 
TEMED 20 μL TEMED 10 μL 
 
20 mL 
 
10 mL 
Table 2. Materials and composition to prepare SDS-Polyacrylamide Gels. 
 
The separating gel was casted after the addition of APS and TEMED in the already 
prepared equipment. To obtain a straight completion of the separating gel, 50 µL 
isopropanol was added on it. After the polymerization of the separating gel, the 
isopropanol was removed and the stacking gel was casted. A comb was used, when the 
stacking gel was still liquid, to give the wells’ form. Subsequently, when the gel was 
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polymerized, the comb was gently removed and the gel was wrapped in a wet tissue 
inside the fridge at 4 ºC, so it was kept in a good conditions and ready to use.  
 
The electrophoresis occurred inside a gel chamber. For that purpose, the gels were 
assembled inside the chamber and it was filled up with 1x SDS-Running Buffer. 5 or 10 
µg protein from each sample was used. These were mixed with 10 µL water and 6x 
SDS-Loading Dye for a final volume of 20 µL, then it was boiled during 5 min, left 
shortly on ice and loaded in the gels’ wells the marker used was the SDS-Marker (Bio-
Rad, München, Germany). The electrophoresis was carried out by 100 V. until the dye 
bands reached the end of the gel (approx. 1 h). 
 
The gel’s staining was performed through the incubation of the gel in a Coomassie dye 
solution during 30 min. Shortly after, 10 % (v/v) acetic acid and 20 % (v/v) EtOH was 
used to discolor the gel (30 min incubation) and, consequently, the protein bands 
could be easily detected. 
 
7.13. ENZYME ACTIVITY ASSAY 
 
Glycylglycine is chosen as a buffer to be used in both assays at 30ºC. H2O is chosen as a 
buffer for the synthesis. So the assays are done with both of them. 
 
 
7.13.1. FSA A129S (HIS-TAG) AND NATIVE FSA A129S  
The activity test was done at 30ºC in a thermostatic photometer. NADH consumption 
was detected with OD by 340 nm , every measure was taken every 0.1 min. 
The retroaldol reaction assay is based on the following principle: the enzyme with FSA 
activity cleavages F6P into DHA and GAP. This GAP can be isomerized to DHAP thanks 
to triose-phosphate isomerase. The glycerol-3-phosphate dehydrogenase catalyzes the 
reversible redox conversion of dihydroxyacetone phosphate to glycerol 3-phosphate 
(Figure 7). The oxidation of NADH to NAD+ can be followed. 
 
 
 
 
 
 
 
 
First, the samples were prepared without substrate and the assay was run during 1 
min to control the background activity and then 7.5 µL 1 M substrate was added. The 
slope of this first minute had to be measured and subtracted from the reaction’s slope 
(after the addition of), so that the correct slope was available to calculate the enzyme 
activity. 
 
 
 
 
Figure 7. F6P to G3P using FSA A129S, TPI and G3PD. 
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The following components were used for this activity test:  
 
Volume(µL)     
967.6 glycylglycine buffer pH 8.5 (50 mM) 
8 NADH (50 mM) 
16.5 4.75 µg FSA A129S (diluted in glycylclycine pH 8.5 (50 mM) 1:100) 
0.4 
triosephosphate isomerase (750-2000 U/mg) + glicerol-3-phosphate 
dehydrogenase (75-200 U/mg) 
 
After a minute of measuring the OD, 7.5 µL 1M substrate were added to the 
preparation and well mixed. When the curve would stabilize in the form of a horizontal 
line the assay was stopped. 
The specific activity is derived from the OD change with the time. To calculate the 
specific activity, the Lambert-Beer Law is used: 
𝐸 = 𝜀 · 𝑑 · 𝑐 
Where ε is the extinction coefficient, d the cuvette’s thickness and c the concentration. 
The extinction coefficient for NADH is: 𝜀NADH=6.22 cm2/µmol (McComb et al., 1976). 
From the Lambert-Beer Law: 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑛
𝑡
=
Δ𝑐·𝑉
𝑡
=
Δ𝐸·𝑉
𝑡·𝜀·𝑑
 in Units (µmol/min) 
Where 
Δ𝐸
𝑡
 corresponds to the slope of the graphic, n to the amount of mols and V to 
the volume (1 mL). 
The specific activity is calculated with the used protein amount in this assay. 
𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦
𝑢𝑠𝑒𝑑 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑎𝑚𝑜𝑢𝑛𝑡
 𝑖𝑛 𝑈/𝑚𝑔 
With H2O pH 8 as buffer the assay was realized to know the kinetic of this enzyme.  
 
The FSA A129S assay has followed the next method: The activity of FSA A129S was 
measured in a thermostatic photometer. NADH consumption was detected with OD by 
340 nm, every measure was taken every 0.1 min. 
FSA A129S and GLDA were mixed in a solution, GLDA was the limiting, so GLDA 
quantity was more than 10 times higher than FSA A129S. The assay is based on GLDA 
assay but instead DHA, was added to be cleavaged for FSA activity (Figure 8). 
 
The oxidation of NADH to NAD+ can be followed. 
 
 
 
 
 
 
 
 
First, the samples were prepared without substrate and the assay was run during 2.5 
min to control the background activity and then 7.5 µL 1M F6P was added. The slope 
of these minutes had to be measured and subtracted from the reaction’s slope (after 
the addition of), so that the correct slope was available to calculate the enzyme 
activity. 
Figure 8. F6P to Glycerin using FSA A129S and GLDA. 
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The following components were used for this activity test: 
 
Volume(µL) 
 967.4 H2O pH 8 
8 NADH (50 mM) 
1.6 0.47 µg FSA A129S (diluted in glycylclycine pH 8.5 (50 mM) 1:100) 
2.1 5 .7 µg GLDA (diluted in H2O pH 8 1:10) 
13.3 Ammonium chloride (40 mM) 
 
Ammonium chloride was added because is an activator for GLDA (Tang et al., 1979). 
Native FSA assay was carried out like FSA in glycylgclycine assay. 
 
 
7.13.2. GLDA 
The activity test was done at 30ºC in a thermostatic photometer. NADH consumption 
was detected with OD by 340 nm, every measure was taken every 0.1 min. 
The GLDA assay is based on the following principle: the enzyme with GLDA activity 
utilizes the NADH to catalyze the reduction of (DHA) to form glycerol (Figure 9).  
 
The oxidation of NADH to NAD+ can be followed. 
 
 
 
 
 
First, the samples were prepared without DHA and the assay was run during 1 min 
(glycylglycine assay) and 2.5 min (H2O ASSAY) to control the background activity and 
then DHA was added. The slope of this first minute had to be measured and subtracted 
from the reaction’s slope (after the addition of DHA), so that the correct slope was 
available to calculate the enzyme activity. 
The following components were used for this activity test: 
 
Volume(µL) 
 959.7 glycylglycine buffer (50 mM) 
8.0 NADH (50 mM) 
13.0 ammonium chloride (3 M) 
18.3 5 µg GLDA (diluted in H2O pH 8 1:100) 
  
  Volume(µL) 
 975.6 H2O pH 8 
8 NADH (50 mM) 
13 ammonium chloride (3 M) 
2.1 5.7 µg GLDA (diluted in H2O pH 8 1:10) 
 
Figure 9. DHA to Glycerin using GLDA. 
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After a minute of measuring the OD, 1 µL DHA were added to the preparation and well 
mixed. When the curve would stabilize in the form of a horizontal line the assay was 
stopped. 
The specific activity and the activity were explained in FSA A129S assay. 
 
 
7.13.3. CONTROL SYNTHESIS  
The synthesis follows the reaction of the figure 8. The first control, which was realized, 
was a control to prove that the reaction is possible with the chosen components. 
 
Volume(µL) 
941.57 glycylglycine buffer pH 8.5 (50 mM) 
8 NADH (50 mM) 
13.33 ammonium chloride (3 M) 
12.6 FSA A129S 
9.5 GldA 
The activities of FSA A129S and GLDA in this control were respectively 2.34 and 9.6 U. 
Five controls were done following the principles of FSA and GLDA assay (Reaction 2.) to 
control that just with the components, which were added a consumption of NADH, is 
obtained and consequently the glycerin’s production: 
 
1. Control 1: Positive control, it has made sure that with all the components a 
consumption of NADH is obtained. 15 µL 0.5 M F6P were added 2 min after the 
beginning of the measure. 
 
Volume(µL) 
950.3 glycylglycine buffer pH 8.5 (50 mM) 
8 NADH (50 mM) 
13 ammonium chloride (3 M) 
10.6 FSA A129S (diluted in glycylclycine pH 8.5 (50 mM) 1:10) 
3.1 GLDA 
 
2. Control 2: Without F6P, it has made sure that only with F6P as a substrate a 
consumption of NADH is obtained and there is no more component in the mix 
that can run a reaction producing a consumption of NADH.  15 µL H2O were 
added 2 min after the beginning of the measure. 
 
Volume(µL) 
950.3 glycylglycine buffer pH 8.5 (50 mM) 
8 NADH (50 mM) 
13 ammonium chloride (3 M) 
10.6 FSA A129S (diluted in glycylclycine pH 8.5 (50 mM) 1:10) 
3.1 GLDA 
 
3. Control 3: Without FSA A129S, it has made sure that this enzyme is necessary in 
this reaction and without it, GLDA (and another enzyme that can be in the mix) 
Analysis of the Enzymatic Reactions in the Conversion of Fructose-6-Phosphate to Glycerin 
 
 
 31 
a consumption of NADH is not possible. 15 µL 0.5 M F6P were added 2 min 
after the beginning of the measure. 
 
Volume(µL) 
953.4 glycylglycine buffer pH 8.5 (50 mM) 
8 NADH (50 mM) 
13 ammonium chloride (3 M) 
10.6 GLDA 
 
4. Control 4: Without GLDA: like in Control 3 but without this enzyme. 15 µL 0.5 M 
F6P were added 2 min after the beginning of the measure. 
 
Volume(µL) 
960.9 glycylglycine buffer pH 8.5 (50 mM) 
8 NADH (50 mM) 
13 ammonium chloride (3 M) 
3.1 FSA A129S (diluted in glycylclycine pH 8.5 (50 mM) 1:10) 
 
5. Control 5: Without F6P but with GAP, it has made sure that when the reaction 
F6P  GAP + DHA is run, GAP is not a component that can produce a 
consumption of NADH through some enzyme in the mix. 10 µL GAP 280 mM 
were added 2 min after the beginning of the measure. 
 
Volume(µL) 
950.3 glycylglycine buffer pH 8.5 (50 mM) 
8 NADH (50 mM) 
13 ammonium chloride (3 M) 
10.6 FSA A129S (diluted in glycylclycine pH 8.5 (50 mM) 1:10) 
3.1 GLDA 
5 H2O 
 The activities of FSA A129S and GLDA in these controls were respectively 0.25  
and 2.5 U. 
 
 
7.13.1. ACID CONTROLS 
To work with the HPLC first the reaction must be stopped.  
Method to denature the protein. A casting of stop solutions with some different 
concentrations of HCl, 0 (water), 0.1, 0.2, 0.5, 1 M, and a solution with the enzyme 
were prepared. Then in a 1.5 mL Eppendorf tube 100 μL of every stop solution and 100 
μL of enzyme solution (3.6 U FSA A129S and 0.5 U GLDA) were added, mixed and left 
10 min at 30ºC. Afterwards 50 μL of this solution was added to the mastermix at the 
beginning of the measure of the NADH consumption in the photometer and after 3 
min 15 µL 0.5M was added for FSA A129S and 1 µL DHA 5 M for GLDA. This procedure 
was carried out following the principles of FSA and GLDA assay (Reaction 2.). 
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The measure is run during 15 min to see how the effect of the acid is. A repetition was 
done to make sure that the results were correct. 
  
 FSA A129S: 
 
Volume(µL)   
926.6 glycylglycine buffer pH 8.5 (50 mM) 
8 NADH (50 mM) 
50 stop solution 
0.4 
triosephosphate isomerase (750-2000 U/mg) + glycerol-3-phosphate 
dehydrogenase (75-200 U/mg) 
 
 
 GLDA: 
 
Volume(µL) 
928 glycylglycine buffer pH 8.5 (50 mM) 
8 NADH (50 mM) 
50 stop solution 
13 ammonium chloride (3 M) 
 
 
7.14. SYNTHESIS 
 
After all the controls, which made sure that, the process would work. 
 
Before the samples were measured, the calibration of HPLC was done (Figure 10), the 
following concentrations of DHA and glycerin were prepared in H2O: 0.5, 1, 2, 5, 7.5, 10 
and 15 mM. 
 
 
Figure 10. Graphic with the results of Table 16. The equations were used to calculate the DHA and 
Glycerin concentrations in every sample.  
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7.14.1. FIRST ATTEMPT 
The synthesis was designed in a 25 mL solution. H2O was chosen as the buffer because 
glycylglycine had the same retention time as glycerin and it can be measured in a 
HPLC. The pH of the water is risen to pH 8 to keep the conditions as much as it is 
possible.  
 
1.5 mL of the solution were taken at the following time: 0, 0.5, 1, 2, 3, 4 and 5 h, with a 
final number of samples of 7, and quickly pH strips were used to control the pH and 
stopped with 12.5 μL HCL 12 M for a final concentration of 0.1 M. 40 μL were 
separated of these 1.5 mL to be used in the HPLC process to know the quantity of 
product is obtained. The rest was used to know the quantity of F6P that was 
consumed.  
 
The samples were stored at 4ºC 
 
Volume(µL) 
 19195.9 H2O pH 8 
5000 NADH (50 mM) 
250 F6P (1 M) 
333.3 ammonium chloride (3 M) 
145.8 FSA A129S 
74.9 GLDA 
 
The activity of FSA A129S and GLDA were respectively 52.8 and 64 U 
Spicks were done to make sure, how big is the area with a known value the retention 
time of DHA and glycerin adding them in some samples and see if there would overlap 
in any case. 7 spicks were performed: 
 
1. sample 1.  
2. sample 7. 
3. sample 1. + 5 mM DHA 
4. sample 7. + 5 mM DHA 
5. sample 1. + 5 mM glycerin 
6. sample 7. + 5 mM glycerin 
7. H2O + 5 mM DHA + 20 mM glycerin 
 
 
 
 
 
7.14.2. SECOND ATTEMPT: 
The MOPS pH 7 buffer was used in this second attempt. 
 
First of all a measure of MOPS in HPLC was done to see if there were some retention 
times that overlap some of the products. Then the synthesis was designed again: 
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Volume(µL) 
 3825.1 MOPS pH 7 
1000 NADH (50 mM) 
100 F6P (1 M) 
66.7 ammonium chloride (3 M) 
6.2 FSA A129S (diluted in glycylclycine pH 8.5 (50 mM) 1:10) 
2 GLDA 
 
It was decided to add less quantity of enzyme (0.5 units every enzyme) in a 5 mL 
solution to avoid a fast consumption like the one obtained in the first attempt. 
The first sample was taken before the addition of the substrate, not like in the first 
attempt. 
200 µL were taken to have more samples if a second measure would be needed. Here 
it was not needed to measure the pH, so when a sample was taken in a 1.5 mL 
Eppendorf tube, 1.7 µL HCl 12M was added for a final acid concentration of 100 mM. 
So less quantity of enzyme was added, and it was decided to take a sample after 6 h as 
well. 
 
7.14.3. F6P QUANTITY 
First a calibration was carried out (Figure 11) to be more precise with the lectures of 
the values obtained with the same principles as the F6P quantification. 
This assay (Schürmann and Sprenger, 2001) was done at 30ºC in a thermostatic 
photometer. NADH consumption was detected with OD by 340 nm, every measure 
was taken every 0.1 min. 
The assay is based on the following principle: the enzyme with FSA activity forms F6P 
through the union of DHA and GAP. This can be isomerized to Glu6P thanks to 
phosphoglucose isomerase. The Glu6P will be dehydrogenized to PGL through glucose 
6-phosphate dehydrogenase with the help of NADP+. 
 
 
Figure 11. Graphic with the results of Table 15. The equation was used to calculate the F6P 
consumption in all the attempts. 
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The oxidation of NADP+ to NADPH + H+ can be followed. 
 
NADPH+H+ appearance is measured through the photometer with 340 nm at 30ºC in 
the following reaction (Figure 12): 
 
 
 
 
 
 
 
Then with the graphics, the lowest and highest value are taken to calculate the total 
F6P concentration, and then is divided per 6.22 mM-1cm-1 and multiplied per 50 
because of the dilution that is done. 
 
Volume(µL) 
 968 glycylglycine buffer pH 8.5 (50 mM) 
20 sample 
1 phosphoglucose isomerase (700 U/mL) 
1 glucose 6-phosphate dehydrogenase (700 U/mL) 
 
NADP+ (50 mM) was added 2 min after the measure is started 
 
 
7.14.4. NADH INHIBITION 
A problem was found, when any glycerin was obtained, GLDA didn’t work. A control to 
see if NADH inhibits GLDA was carried out.  This control follows the same principle as 
GLDA assay (Reaction 3.). 
 
The followed protocol was to prepare solutions with different NADH concentration 
from 10 mM till 0 mM, with 5 µg GLDA, without substrate and when it was added (1 µL 
DHA (5 M) and 2.5 µL with NADH 1 mM) a sample of every solution was taken at 0, 2.5, 
5, 10, 20 and 40 min. Photometer measures NADH at 340 nm with accuracy till 0.4 
mM, so every time that samples were measured, a dilution of these solutions were 
realized to achieve a final concentration of 0.4 mM. 
 
 
 
 
 
 
 
 
Figure 12. F6P to PGL using PGI and G6PD. 
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10 mM 
Volume(µL) 
 783.9 MOPS pH 7 
200 NADH (50 mM) 
13.3 ammonium chloride (3 M) 
1.8 GLDA (diluted in MOPS pH 7 1:10) 
  
 
  
 5 mM 
Volume(µL) 
 883.9 MOPS pH 7 
100 NADH (50 mM) 
13.3 ammonium chloride (3 M) 
1.8 GLDA (diluted in MOPS pH 7 1:10) 
  
 2.5 mM 
Volume(µL) 
 933.9 MOPS pH 7 
50 NADH (50 mM) 
13.3 ammonium chloride (3 M) 
1.8 GLDA (diluted in MOPS pH 7 1:10) 
  
   
1 mM 
Volume(µL) 
 2409.7 MOPS pH 7 
5 NADH (50 mM) 
33.3 ammonium chloride (3 M) 
4.5 GLDA (diluted in MOPS pH 7 1:10) 
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8. RESULTS 
8.1. PLASMID ISOATION AND RESTRICTION 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As it was citated the lengths of pET22b, pET22bfsaA A129S, pET28a and pET28agldA 
are respectively 5493, 6062, 5369, 6524 bps 
 
As it was showed in Figure 13 there were a lot of different conformations of plasmids, 
that was why there were multiple bands in this agarose gel, every of this 
conformations has its own velocity and the result is an agarose gel with multiple 
bands. There were not only the plasmids which were citated before, there was too 
pLysS with a length of 4886 bps. This agarose gel made sure that the plasmid isolation 
was successful and isolated plasmid was obtained. 
  
In figure 14 the restriction made sure that the plasmids obtained were which were 
wanted. The length of the cuts in every plasmid were as follows in the table 6: 
 
Plasmid Enzim Position cut 1. Position cut 2. 
pET22b EcoRV 215 bps 1562 bps 
pET22bfsaA A129S EcoRV 3927 bps 5463 bps 
pET28a HindIII 173 bps  
pET28agldA HindIII 5319 bps 6347 bps 
Table 6. Plasmids, restriction enzymes with the units and the position of every cut due them. With the 
position cuts it’s possible to calculate the lengths of the cuts and verify them with a SDS-PAGE. 
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Figure 14. Agarose gel of the restriction. 
2 μL of each plasmid were loaded.  
Figure 13. Agarose gel of the plasmid 
isolation.  
2 μL of each plasmid were loaded 
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As it’s showed in the agarose gel the cuts had the length estimated. 
 
8.2. METHOD OF DETERMINATION OF THE PROTEIN 
 
To know the protein concentration in every sample and in every moment of the 
process, protein determination were carried out. Table 7, 8 and 9 shows the 
concentration after the cell disruption. Table 10, 11 and 12 shows the concentration 
after the purification and pooling (FSA A129S and GLDA) and after heat precipitation 
(FSA A129S native). 
 
 
[mg/ml] 
pET22bfsaA A129S pellet 6.94 
pET22bfsaA A129S supernatant 17.99 
pET22b pellet 10.09 
pET22b supernatant 9.81 
Table 7. Bradford determination of pET22bfsaA A129S and pET22b after cell-disruption. 
 
 
[mg/ml] 
pET28agldA pellet 5.94 
pET28agldA supernatant 22.13 
pET28a pellet 6.81 
pET28a supernatant 21.08 
Table 8. Bradford determination of pET28agldA and pET28a after cell disruption. 
 
 
[mg/ml] 
pET22bfsaA A129S native supernatant 25.57 
pET22bfsaA A129S native pellet                                   6.84 
pET22b supernatant 9.52 
pET22b pellet 16.29 
Table 9. Bradford determination of pET22bfsaA A129S native and negative controls after cell-
disruption 
 
 
[mg/ml] 
FSA A129S supernatant 42.89 
FSA A129S pellet 15.26 
FSA A129S purified 28.81 
FSA A129S flow-through 24.41 
Table 10. Bradford determination of FSA A129S after overexpresion and purification. 
 
 
[mg/ml] 
GLDA supernatant 42.30 
GLDA pellet 11.25 
GLDA purified 27.23 
GLDA flow-through 20.64 
Table 11. Bradford determination of GLDA after overexpression and purification. 
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[mg/ml] 
FSA A129S native purified 14.41 
FSA A129S native supernatant 29.41 
FSA A129S native pellet 13.63 
Table 12. Bradford determination of FSA A129S native after heat-precipitation purification. 
 
 
8.3. PURIFICATION: AFFINITY CHROMATOGRAPHY – NI-NTA COLUMN 
 
After this purifying method various samples were collected, then SDS-PAGE was 
carried out with two gels, these gels of the figures 15 and 16 were checked to choose 
the most purified ones and the ones which had more quantity of protein. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Figure 15. SDS-Gel FSA A129S samples after affinity’s chromatography 
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Figure 16. SDS-Gel GLDA samples after affinity’s chromatography 
 
 
8.4. POOLING 
 
The samples of 50 and 250 mM imidazol of the figure 15 were chosen, the samples of 
250 and 500 mM imidazol of the figure 16 were chosen too to continue with the 
pooling. 
Afterwards a SDS-PAGE was carried out to check how the purification was (figure 17 
and 18) 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
              Figure 17. SDS-Gel FSA A129S after overexpresion  
                                      and purification. 5 μg protein were added in every  
                                     sample. 
 
As it’s showed in the figure 17, the purification worked, there were more kind of 
proteins in supernatant pellet and flow-through, but in the purified sample there were 
very few of other proteins. 
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     Figure 18. SDS-Gel GLDA after overexpresion and  
      purification. 5 μg protein were added in every sample. 
 
As it’s showed in the figure 18 the purification worked, there were more kind of 
proteins in supernatant pellet and flow-through, but in the purified sample there were 
very few of other proteins. 
 
 
8.5. PURIFICATION: HEAT PRECIPITATION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. SDS-Gels FSA A129S native  
                    after heat-precipitation purification. 10 μg protein  
                                 were added in every sample. 
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As it was showed in the figure 19, the purification worked, there were more kind of 
proteins in supernatant pellet but in the purified sample there were very few of other 
proteins. The samples should be run more time to get the right position.  
Comparing both purification methods, seems that the adding of the histidine sequence 
make the purification more efficient than the heat purification one. 
 
8.6. ENZYME ACTIVITY ASSAY 
 
The assays, as it was explained in methods, were carried out with two buffers. Finally 
the used buffer was glycylglycine to carry on the synthesis. The errors were calculated 
the standard deviation divided by the average. As it’s showed, the errors in the values 
of glycylglcycine are quite big. The tables 13 and 14 show the activity of the enzymes. 
 
 
 
Buffer enzyme slope U U/mg Average 
H2O pH 8 
FSA A129S (0.46 µg) 
0.0391 6.29 13.64 
13.63 ± 2.39 0.0322 5.18 11.23 
0.0459 7.38 16.01 
     
GLDA (5.72 µg) 
0.0987 15.87 2.77 
2.74 ± 0.04 
0.0965 15.51 2.71 
      
glycylglycine 
FSA A129S (4.75 µg) 
0.8633 1.39E-01 29.23 
28.05 ± 5.97 
0.7934 1.28E-01 26.87 
     
GLDA (5 µg) 
0.2674 4.30E-02 8.60 
9.06 ± 7.20 
0.2961 4.76E-02 9.52 
Table 13. Activity assays of GLDA and FSA A129S with H2O and glycylglycine as buffers. From the slope 
the activity was calculated with the equations previously explained in Methods. 
 
FSA AA129S No HisTag 
 quantity (µg) slope U U/mg 
 2 0.5377 86.45 43.22 
 1.5 0.4181 67.22 44.81 
 1 0.3385 54.42 54.42 Average 
0.5 0.1453 23.36 46.72 
46.54 ± 0.3 
0.5 0.1442 23.18 46.37 
Table 14. Activity assays of FSA A129S native with glycylglycine as buffer. From the slope the activity 
was calculated with the equations previously explained in Methods. 
 
The activity of the native enzyme was bigger than the other; it could be due the type of 
purification, being then the heat precipitation better. 
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8.7. PREVIOUS SYNTHESIS CONTROLS 
 
8.7.1. CONTROLS SYNTHESIS 
 
The first control which was realized, was a control to prove that the reaction works 
with the enzymes, substrate and conditions proposed: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. Graphic of the control assay to prove that the reaction works. It follows 
the reaction of Control Synthesis Method. 
 
The reaction from F6P till glycerin was run without problems (Figure 20), as it’s showed 
there was a consumption of NADH. 
 
Then, the five controls were successful too: 
 
 
 
 
 
Figure 21. Graphic of the five controls assays. (From left to right up) Control 1: positive control, 
Control 2: without F6P, Control 3: without FSA A129S. (From left to right bottom) Control 4: without 
GLDA, Control 5: without F6P but with GAP as substrate. 
 
The positive control was run with a consumption of NADH, and the rest of negative 
controls weren’t run as was expected (Figure 21). 
That showed that this reaction just worked with the components, which were chosen, 
and there were no other components result of the reaction or other factor of the 
reaction, which could run the reaction too and induce NADH consumption. 
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8.7.2. ACID CONTROLS 
To stop the reaction, HCL was chosen to denature the enzymes and so avoid the 
running of the reaction while the measures were realized (Figure 22). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22. Graphics of the acid control assays which prove that the acid could stop the reaction. 
(Graph left. Acid control with FSA A129S, from left to right) Line 1: 1-2. 1 mM, 3-4. 0.5 mM. Line 2: 5-6. 
0.2 mM, 7-8. 0.1 mM. Line 3: 9-10. 0 mM. (Graph right with GLDA, from left to right) Line 1: 1-2. 1 mM, 
3-4. 0.5 mM. Line 2: 5-6. 0.2 mM, 7-8. 0.1 mM. Line 3: 9-10. 0 mM. 
 
 
The assay was carried out twice to verify the results. 
 
As was showed there was no activity in the controls with acid. 
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8.8. SYNTHESIS 
 
 
8.8.1. 1ST. ATTEMPT 
The first attempt was carried out in a 25 mL solution. Every time that a sample was 
taken, the pH was observed because H2O was used as syntheses medium. The pH of 
the samples in all the process were as follows: 
 
 
Figure 23. Photography of the pH strains used in every sample to prove that the pH did not change 
(left) and the colours correlation with pH (right).  
 
As it was showed, the pH was not changed, it was always between 7-7.5 (Figure 23). 
There were a pair of mistakes; first, the pH was observed after the acid addition, and 
second, two pH 0-6 strains were used in sample 6. 
 
 
To measure the concentration of DHA and glycerin, HPLC was used. After the 
calibration and spikes, the samples were introduced giving these results in figure 24: 
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Figure 24. Graphic of the evolution of the compounds in the First Attempt. 
 
As it’s showed in the figure 24, glycerin was not obtained, there was a mistake with the 
F6P concentration because the concentration of the DHA produced was higher than 
expected. 
The sample 1 was taken at 0 min but just after the addition of the enzymes, so the 
initial concentration obtained it’s not the real one. The reaction was too fast to draw a 
graphic showing the process.  
 
8.8.2. 2ND. ATTEMPT 
Other buffer was used, MOPS pH 7. First of all, a HPLC control was developed to see if 
this buffer could overlap its retention time over the glycerin and DHA ones. The 
sample 1 was picked before the enzyme’s addition. 
 
 
Figure 25. Graphic of the evolution of the compounds in the Second Attempt. 
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As it was showed in the figure 25 glycerin was not obtained and the reaction was too 
fast to draw a graphic showing the process again.  
 
 
8.8.3. NADH-GLDA INHIBITION 
 
 
Figure 26. Graphic of the evolution of the NADH reduction by GLDA. 
 
NADH produced substrate inhibition to GLDA (Figure 26). From 5mM there was a big 
lost of activity, with 1-2.5 mM there were a not relevant lost of it. The syntheses were 
done with 10 mM and as it was showed, the activity was clearly decreased. 
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9. DISCUSSION 
 
After the results previously exposed, various factors could be detected as the posible 
reasons for the unsuccessful synthesis to produce glycerin. 
 
Activity assay 
 
The determination of the activity was carried out in water and glycylglycine but the 
proteins were stored in glycylglycine.  
Then the second attempt was carried out in MOPS buffer and the enzyme activity with 
this buffer was not determined.  
All these factors could be the reason of why the enzymes activities were so far from 
what were found in the literature. The theoretical activity of FSA A129S was 7 U/mg 
(Schürmann and Sprenger, 2001) instead the 28.05 ± 5.97 that was obtained. The 
activity of GLDA in glycylglycine was not showed in the literature, but in potassium 
phosphate buffer pH 7 was found an activity of 55.7 U/mg (Subedi et al., 2008). The 
GLDA activity founded was 9.06 ± 7.20 in glycylglycine and 13.63 ± 2.39 in water. This 
difference could be explained by the previous factors explained and also because the 
pH from 7.5 decreases the activity. 
 
Improvement in purification 
 
As it’s showed in SDS-Polyacrylamide gel electrophoresis, not just the right protein was 
purified; there were more proteins in the sample. Another purification could have 
been carried out to improve the purity of the sample. 
 
Long storage time 
 
There was too much time between overexpression and the synthesis. The less time the 
proteins are stored, better activities are obtained because fewer proteins are 
denatured and the purity of the sample is higher.  
 
 
About how to improve the synthesis to produce glycerin, various changes were 
proposed: 
 
Enzyme’s activity 
 
Determination of the right values of the activity for both enzymes in the right buffer, 
so the parameters are known and at the time of calculating quantities, it’s known how 
much protein is added.  
Also the same buffer to storage the enzymes after the purification and to carry out the 
synthesis should be used. 
Synthesis controls 
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The controls which were carried out to make sure that the synthesis was possible just 
with the right substrate and enzymes, should be tested with the same buffer or buffers 
with which the synthesis will be run. 
 
Avoid NADH inhibition 
 
As it has been observed, there were inhibitions due to NADH. The solution found was 
to add NADH with quantities not higher than 0.7-1 mM progressively every 45 min-1 
hour, beeing 0.4 mM the amount with which the activity assay was carried out. After 
the determination of the activity values of Glycerol dehydrogenase it was possible to 
calculate the right time before the substrate is consumed and not too early to increase 
the concentration of NADH to inhibitory levels. 
 
Adding more quantity of Glycerol dehydrogenase 
 
With the adding of more Glycerol dehydrogenase the activity per volume is increased 
and more dihydroxyacetone could be reduced to glycerin. As it was checked there was 
no problem to obtain dihydroxyacetone. 
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10. CONCLUSIONS 
 
Purifications comparison  
 
As it was verified, the technique of affinity chromatography purification is better, with 
a percentage of approximately 95% than the one through thermal precipitation, with a 
percentage of approximately 85%. The advantage of heat precipitation purification is 
the simplicity of its method, and it’s also cheaper because the sample just need to be 
heated.  
 
Enzyme activity 
 
The result of the enzymes activities was not the expected, the activity of these 
enzymes was much higher than those which were founded in the literature. This 
suggests that there was an error in the preparation of the reaction and in the obtaining 
of the values. 
 
Protein production 
 
The protein concentration in pellet was the highest because there is where the 
membrane proteins and other kind of them go, just the active proteins stay in the 
supernatant. 
The method of purification by affinity chromatography proved effective with 95% 
estimated by the Fructose-6-phosphate A129S purification and 90% estimated for 
Glycerol dehydrogenase. Although the optimum would have been to be able to obtain 
a 100% degree of purification. 
 
Synthesis 
 
It worked because the controls were positive. The problem was the high concentration 
of NADH which inhibits Glycerol dehydrogenase, as has been shown. With the 
Fructose-6-phosphate A129S there was no problem since dihydroxyacetone is 
obtained. 
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 APENDIX: SDS-PAGE, ACTIVITY ASSAYS AND HPLC     
SDS-PAGE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Figure 27. SDS-Gel pET22bfsaA A129S and pET22b 
        after cell-disruption. 5 μg protein were added in 
         every sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           Figure 28. SDS-Gel pET22bfsaA A129S native and  
            pET22b after cell-disruption. 10 μg protein were added  
            in every sample. 
 
 
As it was citated FSA A129S weights 22.9 kDa what it was showed in these SDS-Gel 
(figures 27 and 28), what makes sure that the protein was the right one. There was 
more quantity of protein in pellet than in supernatant. The samples should be run for 
more time to get the right position. 
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        Figure 29. SDS-Gel pET28agldA and negative  
          controls after cell disruption. 5 μg protein  
          were added in every sample. 
 
As it was citated GLDA weights 39 kDa what it’s showed in this SDS-Gel (figure 29), 
what made sure that the protein was the correct.  
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Activity assays 
 
 
The following figures (Figure 30-35) show the graphic activity of the enzymes in every 
buffer. 
 
FSA A129S and GLDA activity assays 
 
Glycylglycine as buffer: 
 
 
 
 
Figure 30. FSA A129S assay with 5 µg enzyme, adding F6P as a substrate at minute 1. 
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Figure 31. From the left to the right, GLDA 5 µg, GLDA 0.5 µg failed and FSA A129S assay with 5 µg 
enzyme, adding DHA for GLDA and F6P for FSA A129S as a substrate at minute 1. 
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Figure 32. GLDA assay with 5 µg enzyme, adding DHA as a substrate at minute 1. 
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H2O as buffer: 
  
 
 
 
Figure 33. FSA A129S double assay with 0.46 µg as a limiting enzyme and GLDA with 5.7 µg enzyme to 
get the activity of FSA A129S, adding F6P for FSA A129S as a substrate at minute 2.5. 
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Figure 34. FSA A129S double assay with 0.46 µg as a limiting enzyme and GLDA with 5.7 µg enzyme to 
get the activity of FSA A129S, adding F6P for FSA A129S as a substrate at minute 2.5. In the right one 
any substrate was added. 
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Figure 35. GLDA double assay with 5.7 µg enzyme, adding DHA as a substrate at minute 2. 
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The following figures (figure 36 and 37) show the F6P consumption as was explained in 
F6P Quantification in Methods, the results were collected in the table 15. 
 
Calibration: 
 
 
 
 
 
 
 
Figure 36. First calibration of F6P consumption following the reduction of NADP to NADPH+H+. 
The concentrations added were from left to right and up to the bottom: 20, 15, 12.5, 10, 7.5, 5, 
2.5, 1 and 0 mM. 
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Figure 37. Second calibration of F6P consumption following the reduction of NADP to 
NADPH+H+. The concentrations added were from left to right and up to the bottom: 20, 15, 
12.5, 10, 7.5, 5, 2.5, 1 and 0 mM. 
 
F6P Calibration 
F6P [mM] Start Stop Total 
20 0.0327 0.0472 2.1857 2.5447 2.32525 
15 0.0252 0.0419 2.1134 2.3844 2.21535 
12.5 0.0297 0.0428 2.0304 2.2358 2.09685 
10 0.0213 0.0453 1.8997 2.1308 1.98195 
7.5 0.0291 0.0472 1.8994 2.5647 2.1939 
5 0.0229 0.0471 1.1277 1.1056 1.08165 
2.5 0.0328 0.0563 0.4441 0.8558 0.6054 
1 0.094 0.1287 0.5929 0.6133 0.49175 
0 0.029 0.0444 0.0336 0.05 0.0051 
Table 15. Results of F6P Calibration. Low values were taken and averaged to know the relation 
between concentration and the total increase. 
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The following figures (figure 38-41) show the F6P consumption in the two attempts as 
was explained in F6P Quantification in Methods. 
 
1st. Attempt 
 
 
 
Figure 38. First measure of F6P consumption in the first attempt. From left to right and up to the 
bottom: Sample 1, 2, 3, 4, 5, 6, 7 and a control without enzyme. 
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Figure 39. Second measure of F6P consumption in the first attempt. From left to right and up to the 
bottom: Sample 1, 2, 3, 4, 5, 6, 7. 
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2nd. Attempt 
 
 
Figure 40. First measure of F6P consumption in the second attempt. From left to right and up to the 
bottom: Sample 1, 2, 3, 4, 5, 6, 7 and 8. 
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Figure 41. Second measure of F6P consumption in the second attempt. From left to right and up to the 
bottom: Sample 1, 2, 3, 4, 5, 6, 7 and 8. 
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HPLC 
 
The following figures show the lectures of the Samples which were measured in HPLC 
as was explained in Synthesis in Methods. 
 
 
Spicks 
 
 Figure 42. Sample one of the first attempt, it shows the DHA area. 
 
Figure 43. Sample one of the first attempt, it shows the DHA area. 
 
 
Figure 44. Sample one of the first attempt plus 5 mM DHA, it shows the DHA area. 
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Figure 45. Sample seven of the first attempt plus 5 mM DHA, it shows the DHA area. 
 
 Figure 46. Sample one of the first attempt plus 5 mM glycerin, it shows the DHA and glycerin area. 
 
Figure 47. Sample two of the first attempt plus 5 mM DHA, it shows the DHA and glycerin area. 
 
 
Figure 48. Water plus 5 mM DHA plus 20 mM glycerine, it shows the DHA and glycerine area. 
 
min12.5 13 13.5 14 14.5 15
Norm.
-2000
-1000
0
1000
2000
 RID1 A, Refractive Index Signal (DEF_LC 2015-07-21 12-25-34\056-0401.D)
min12.5 13 13.5 14 14.5 15 15.5
Norm.
-2000
-1500
-1000
-500
0
500
1000
1500
2000
 RID1 A, Refractive Index Signal (DEF_LC 2015-07-21 12-25-34\057-0501.D)
min12.5 13 13.5 14 14.5 15 15.5
Norm.
-1000
-500
0
500
1000
1500
2000
 RID1 A, Refractive Index Signal (DEF_LC 2015-07-21 12-25-34\058-0601.D)
min12 13 14 15 16 17 18
Norm.
-1000
0
1000
2000
3000
 RID1 A, Refractive Index Signal (DEF_LC 2015-07-21 12-25-34\059-0701.D)
Analysis of the Enzymatic Reactions in the Conversion of Fructose-6-Phosphate to Glycerin 
 
 
 69 
 
Lecture of MOPS 
 
Figure 49. Sample of MOPS buffer to make sure that its retention time couldn’t overlap with the rest 
of lectures. 
 
Calibration for the First and Second Attempts is shown in the table 16, with these 
values the HPLC Calibration graph was performed. 
 
 
HPLC Calibration 
DHA Glycerin 
[mM] A [mM] A 
0.5 964.9 0.5 1813 
1 2408.1 1 4904.3 
2 3562.3 2 9650.6 
5 9399.8 5 23412.6 
7.5 13299.6 7.5 34554.2 
10 19022.2 10 46856.3 
15 26779.7 15 71102 
20 35777.9 20 93075.2 
Table 16. Results of F6P Calibration, every area of the HPLC graphs corresponds to a concentration. 
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First attempt. 
 
Figure 50. Lecture of sample 1 showing the increment of DHA. 
 
 
Figure 51. Lecture of sample 2 showing the increment of DHA. 
 
 
Figure 52. Lecture of sample 3 showing the increment of DHA. 
 
 
Figure 53. Lecture of sample 4 showing the increment of DHA. 
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Figure 54. Lecture of sample 5 showing the increment of DHA. 
 
 
Figure 55. Lecture of sample 6 showing the increment of DHA. 
 
 
Figure 56. Lecture of sample 7 showing the increment of DHA. 
 
Second Attempt. 
 
 
Figure 57. Lecture of sample 1. 
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Figure 58. Lecture of sample 2 showing the increment of DHA. 
 
 
 
Figure 59. Lecture of sample 3 showing the increment of DHA. 
 
 
 
 
Figure 60. Lecture of sample 4 showing the increment of DHA. 
 
 
 
Figure 61. Lecture of sample 5 showing the increment of DHA. 
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Figure 62. Lecture of sample 6 showing the increment of DHA. 
 
 
Figure 63. Lecture of sample 7 showing the increment of DHA. 
 
 
Figure 64. Lecture of sample 8 showing the increment of DHA. 
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The attempts graph (figures 24 and 25) were drawn with the values of the table 17 and 
18. 
 
DHA Glycerin 
Samples Area [mM] Area [mM] 
1 11154.4 6.18 0 0 
2 33644.9 18.65 0 0 
3 35777.0 19.83 0 0 
4 36376.6 20.16 0 0 
5 37089.3 20.55 0 0 
6 36811.8 20.40 0 0 
7 37451.8 20.76 0 0 
 
Photometer values F6P 
Sample Start Stop Total [mM] 
1 -0.015 -0.0052 0.8298 0.871 0.8605 5.58 
2 -0.0214 -0.217 0.2333 0.2198 0.34575 2.24 
3 -0.0182 -0.0177 0.1875 0.1803 0.20185 1.31 
4 -0.0191 -0.0208 0.1743 0.1596 0.1869 1.21 
5 -0.0181 -0.0146 0.173 0.1574 0.18155 1.18 
6 -0.002 -0.0221 0.158 0.1473 0.1647 1.07 
7 -0.0211 -0.0029 0.1561 0.1483 0.1642 1.06 
Table 17. Results of HPLC lectures and Photometer values in the First Attempt to know the final 
concentration of every compound in every sample. 
 
The areas were calculated from the HPLC, Figures 50-56. 
 
 
DHA Glycerin 
Sample Area [mM] A [mM] 
1 0.0 0.00 0 0 
2 7181.2 4.0 0 0 
3 10254.4 5.7 0 0 
4 11423.8 6.3 0 0 
5 12667.8 7.0 0 0 
6 13091.8 7.3 0 0 
7 14099.0 7.8 0 0 
8 14578.0 8.1 0 0 
 
 
Photometer values F6P 
Sample Start Stop Total [mM] 
1 0.3952 0.3876 2.2684 2.1042 1.7949 11.63 
2 0.3939 0.3779 1.1473 0.9374 0.65645 4.25 
3 0.3961 0.3855 1.0666 0.9962 0.6406 4.15 
4 0.3928 0.3807 1.0372 0.9867 0.6252 4.05 
5 0.3966 0.3914 0.9435 0.9322 0.54385 3.52 
6 0.3899 0.3872 1.0291 1.0188 0.6354 4.12 
7 0.4003 0.3958 0.8807 0.9143 0.49945 3.24 
8 0.399 0.3905 0.8256 0.9377 0.4869 3.16 
Table 18. Results of HPLC lectures and Photometer values in the Second Attempt to know the final 
concentration of every compound in every sample. 
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The areas were calculated from HPCL Figures 57-64. 
 
 
The NADH inhibition graph (figure 26) was drawn with the values of the table 19. 
 
 
min 
 
0 2.5 5 10 20 40 
NADH [mM] Photometer values 340 nm 
10 2.532 2.033 2.0717 2.0095 1.8685 1.5262 
5 2.1776 2.1565 2.067 1.8829 1.6664 1.2124 
2.5 2.3162 2.1524 1.9613 1.6472 1.0947 0.421 
1 2.111 1.7359 1.4042 0.9309 0.4194 0.1645 
Table 19. Results of Photometer values of the NADH reduction of every concentration of NADH and in 
a determined time. 
 
